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(57) Abstract: A catadioptric projection objective for imaging an off-axis object field arranged in an object surface of the projection 
objective onto an off-axis image field arranged in an image surface of the projection objective has a front lens group, a mirror group 
comprising four mirrors and having an object side mirror group entry, an image side mirror group exit, and a mirror group plane 
aligned transversely to the optical axis and arranged geometrically between the mirror group entry and the mirror group exit; and a 
rear lens group. The mirrors of the mirror group are arranged such that at least one intermediate image is positioned inside the mirror 
group between mirror group entry and mirror group exit, and that radiation coming from the mirror group entry passes at least four 
times through the mirror group plane and is reflected at least twice on a concave mirror surface of the mirror group prior to exiting 
the mirror group at the mirror group exit. The mirror group entry is positioned in a region where radiation exiting the front lens group 
has an entry chief ray height. A second reflecting area is positioned in a region where radiation impinging on the second mirror has 
a second chief ray height deviating from the entry chief ray height in a first direction; and a fourth reflecting area is positioned in 
a region where radiation impinging on the fourth mirror has a fourth chief ray height deviating from the entry chief ray height in a 
second direction opposite to the First direction. 



\ 

WO 2005/098505 



PCT/EP2005/003645 



Catadioptric Projection Objective with Mirror Group 

This application claims priority from US provisional application 
60/560,267 filed on April 8, 2004. The complete disclosure of that 
5 provisional application is incorporated into this application by reference. 

BACKGROUND OF THE INVENTION 
Field of the Invention 

10 

The invention relates to a catadioptric projection objective for imaging an 
off-axis object field arranged in an object surface of the projection objec- 
tive onto an off-axis image field arranged in an image surface of the pro- 
jection objective while creating at least one intermediate image. 

15 

Description of the Related Art 

Catadioptric projection objectives are, for example, employed in projec- 
tion exposure systems, in particular wafer scanners or" wafer steppers, 
20 used for fabricating semiconductor devices and other types of micro- 
devices and serve to project patterns on photomasks or reticles, here- 
inafter referred to generically as "masks" or "reticles," onto an object 
having a photosensitive coating with ultrahigh resolution on a reduced 
scale. 

25 

In order to create even finer structures, it is sought to both increase the 
image-end numerical aperture (NA) of the projection objective and em- 
ploy shorter wavelengths, preferably ultraviolet light with wavelengths 
less than about 260 nm. However, there are very few materials, in par- 
30 ticular, synthetic quartz glass and crystalline fluorides, that are suffi- 
ciently transparent in that wavelength region available for fabricating the 
optical elements. Since the Abbe numbers of those materials that are 
available lie rather close to one another, it is difficult to provide purely 
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refractive systems that are sufficiently well color-corrected (corrected for 
chromatic aberrations). 

The high prices of the materials involved and limited availability of crys- 
5 talline calcium fluoride in sizes large enough for fabricating large lenses 
represent problems. Measures that allow reducing the number and sizes 
of lenses employed and simultaneously contribute to maintaining, or 
even improving, imaging fidelity are thus desired. 

10 In optical lithography, high resolution and good correction status have to 
be obtained for a relatively large, virtually planar image field. It has been 
pointed out that the most difficult requirement that one can ask of any 
optical design is that it have a flat image, especially if it is an all-refrac- 
tive design. Providing a flat image requires opposing lens powers and 

15 that leads to stronger lenses, more system length, larger system glass 
mass, and larger higher-order image aberrations that result from the 
stronger lens curvatures. Conventional means for flattening the image 
field, i.e. for correctings the Petzval sum in projection objectives for mi- 
crolithography are discussed in the article "New lenseslbr microlith6 : 

20 graphy" by E. Glatzel, SPIE Vol. 237 (1980), pp. 310 - 320. 

Concave mirrors have been used for some time to help solve problems 
of color correction and image flattening. A concave mirror has positive 
power, like a positive lens, but the opposite sign of Petzval curvature. 
25 Also, concave mirrors do not introduce color problems. 

Therefore, catadioptric systems that combine refracting and reflecting 
elements, particularly lenses and concave mirrors, are primarily em- 
ployed for configuring high-resolution projection objectives of the afore- 
30 mentioned type. 

Unfortunately, a concave mirror is difficult to integrate into an optical de- 
sign, since it sends the radiation right back in the direction it came from. 
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Intelligent designs integrating concave mirrors without causing mechani- 
cal problems or problems . due to beam vignetting or pupil obscuration 
are desirable. 

5 When using one or more concave mirrors for correcting the Petzval sum 
of an imaging system it is desirable that the contribution of the concave 
mirror to Petzval sum correction is just sufficient to compensate 
opposing effects of other parts of the projection objective. The 
contribution to Petzval sum should not be too weak or too strong. 
10 Therefore, optical design concepts allowing for a certain amount of 
flexibility of Petzval sum correction are desirable. 

One type of catadioptric group frequently used in projection objectives 
for microlithography is a combination of a concave mirror arranged close 

15 to or at a pupil surface and one or more negative lenses arranged ahead 
of the concave mirror and passed twice by radiation. The Petzval sum of 
this type of catadioptric group can be varied by changing the refractive 
power of the lenses and the concave mirror while maintaining an 
essentially constant refractive power of the entire catadioptric group. 

20 This is one fundamental feature of the Schupmann-Achromat, which is 
utilized in some types of catadioptric projection objectives, for example 
those using geometrical beam splitting with one or more planar folding 
mirrors for guiding radiation towards the catadioptric group and/or for 
deflecting radiation emanating from the catadioptric group. 

25 Representative examples for folded catadioptric projection objectives 
using planar folding mirrors in combination with a single catadioptric 
group as described above are given in US 2003/0234912 A1 or US 
2004/0160677 A1. 

30 A number of catadioptric projection objectives having one straight 
(unfolded) optical axis common to all optical elements of the projection 
objective have been proposed, which will be denoted as "in-line 
systems" in the following. From an optical point of view, in-line systems 
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may be favorable since optical problems caused by utilizing planar 
folding mirrors, such as polarization effects, can be avoided. Also, from a 
manufacturing point of view, in-line systems may be designed such that 
conventional mounting techniques for optical elements can be utilized, 
5 thereby improving mechanical stability of the projection objectives. 

The patent US 6,600,608 B1 discloses a catadioptric in-line projection 
objective having a first, purely refractive objective part for imaging a pat- 
tern arranged in the object plane of the projection objective into a first 

10 intermediate image, a second objective part for imaging the first inter- 
mediate image into a second intermediate image and a third objective 
part for imaging the second intermediate image directly, that is without a 
further intermediate image, onto the image plane. The second objective 
part is a catadioptric objective part having a first concave mirror with a 

15 central bore and a second concave mirror with a central bore, the con- 
cave mirrors having the mirror faces facing each other and defining an 
intermirror space or catadioptric cavity in between. The first intermediate 
image is formed within the central bore of the concave mirror next to the 
object plane, whereas the second intermediate image is formed within 

20 the central bore of the concave mirror next to the object plane. The ob- 
jective has axial symmetry and a field centered around the optical axis 
and provides good color correction axially and laterally. However, since 
the reflecting areas of the concave mirrors exposed to the radiation are 
interrupted at the bores, the pupil of the system is obscured. 

25 

The Patent EP 1 069 448 B1 discloses catadioptric projection objectives 
having two concave mirrors facing each other and an off-axis object and 
image field. The concave mirrors are part of a first catadioptric objective 
part imaging the object onto an intermediate image positioned adjacent 
30 to a concave mirror. This is the only intermediate image, which is im- 
aged to the image plane by a second, purely refractive objective part. 
The object as well as the image of the catadioptric imaging system are 
positioned outside the intermirror space defined by the mirrors facing 
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each other. Similar systems having two concave mirrors, a common 
straight optical axis and one intermediate image formed by a catadioptric 
imaging system and positioned besides one of the concave mirrors is 
disclosed in US patent application US 2002/0024741 A1. 

5 

US patent application US 2004/0130806 (corresponding to European 
patent application EP 1 336 887) discloses catadioptric projection objec- 
tives having off-axis object and image field, one common straight optical 
axis and, in that sequence, a first catadioptric objective part for creating 

10 a first intermediate image, a second catadioptric objective part for creat- 
ing a second intermediate image from the first intermediate image, and a 
refractive third objective part forming the image from the second inter- 
mediate image. Each catadioptric system has two concave mirrors fac- 
ing each other. The intermediate images lie outside the intermirror 

15 spaces defined by the concave mirrors. 

Japanese patent application JP 2003114387 A and international patent 
application WO 01/55767 A disclose catadioptric projection objectives 
with off-axis object and image field having one common straight optical 
20 axis, a first catadioptric objective part for forming an intermediate image 
and a second catadioptric objective part for imaging the intermediate im- 
age onto the image plane of this system. Concave and convex mirrors 
are used in combination. 

25 US patent application US 2003/0234992 A1 discloses catadioptric pro- 
jection objectives with off-axis object and image field having one com- 
mon straight optical axis, a first catadioptric objective part for forming an 
intermediate image, and a second catadioptric objective part for imaging 
the intermediate image onto the image plane. In each catadioptric objec- 

30 tive part concave and convex mirrors are used in combination with one 
single lens. 
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International patent application WO 2004/107011 A1 discloses various 
catadioptric projection objectives with off-axis object field and image field 
having one common straight optical axis designed for immersion lithog- 
raphy using an arc shaped effective object field. The projection objec- 
5 tives include various types of mirror groups having two, four or six 
curved mirrors. Embodiments with two to four intermediate images are 
disclosed. 

US provisional application with serial number 60/536,248 filed on Janu- 

10 ary 14, 2004 by the applicant discloses a catadioptric projection objec- 
tive having very high NA and suitable for immersion lithography at 
NA > 1 . The projection objective comprises: a first objective part for im- 
aging the pattern provided in the object plane into a first intermediate 
image, a second objective part for imaging the first intermediate imaging 

15 into a second intermediate image, and a third objective part for imaging 
the second intermediate imaging directly onto the image plane. The sec- 
ond objective part includes a first concave mirror having a first continu- 
ous mirror surface and a second concave mirror having a second con- 
tinuous mirror surface, the concave mirror surfaces facing each other 

20 and defining an intermirror space. All mirrors are positioned optically re- 
mote from a pupil surface. The system has potential for very high nu- 
merical apertures at moderate lens mass consumption. A limited flexibil- 
ity for Petzval sum correction provided by the concave mirrors is given 
since vignetting problems have to be observed when the refractive 

25 power of the concave mirrors is adjusted. 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide a catadioptric in-line projection 
30 objective allowing flexibility for Petzval sum correction at moderate 
variations of the overall design of the projection objective. It is another 
object of the invention to provide a catadioptric in-line projection 
objective that can be built with relatively small amounts of transparent 
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optical material. It is another object of the invention to provide a 
catadioptric in-line projection objective for microlithography suitable for 
use in the vacuum ultraviolet (VUV) range having potential for very high 
image side numerical aperture which may extend to values allowing 
5 immersion lithography at numerical apertures NA > 1 . It is another object 
of the invention to provide a catadioptric in-line projection objective 
having an axially compact arrangement of mirrors effective for 
compensating image curvature abberations caused by lenses with posi- 
tive power within the projection objective. 

10 

As a solution to these and other objects the invention, according to one 
formulation, provides a catadioptric projection objective for imaging an 
off-axis object field arranged in an object surface of the projection 
objective onto an off-axis image field arranged in an image surface of 
15 the projection objective while creating, at least one intermediate image 
comprising in that order along an optical axis: 

a front lens group having positive refractive power for converging 
radiation coming from the object field towards a mirror group entry of a 
mirror group; 

20 the mirror group having the object side mirror group entry, an image side 
mirror group exit, and a mirror group plane defined transversly to the 
optical axis and arranged geometrically between the mirror group entry 
and the mirror group exit; and 

a rear lens group with positive refractive power for focusing radiation 
25 emerging from the mirror group exit onto the image surface; 
the mirror group having: 

a first mirror for receiving radiation from the mirror group entry on a first 
reflecting area; 

a second mirror for receiving radiation reflected from the first mirror on a 
30 second reflecting area; 

a third mirror for receiving radiation reflected from the second mirror on a 
third reflecting area; 
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and a fourth mirror for receiving radiation reflected from the third mirror 
on a fourth reflecting area and for reflecting the radiation to the mirror 
group exit; 

at least two of the mirrors being concave mirrors having a concave 
5 mirror surface having a surface of curvature rotationally symmetric to the 
optical axis; wherein: 

the mirrors of the mirror group are arranged such that at least one 
intermediate image is positioned inside the mirror group between mirror 
group entry and mirror group exit, and that radiation coming from the 

10 mirror group entry passes at least four times through the mirror group 
plane and is reflected at least twice at a concave mirror surface of the 
mirror group prior to exiting the mirror group at the mirror group exit; 
the mirror group entry is positioned in a region where radiation exiting 
the front lens group has an entry chief ray height; 

15 the second reflecting area is positioned in a region where radiation 
impinging on the second mirror has a second chief ray height deviating 
from the entry chief ray height in a first direction; and 
the fourth reflecting area is positioned in a region where radiation 
impinging on the fourth mirror has a fourth chief ray height deviating 

20 from the entry chief ray height in a second direction opposite to the first 
direction. 

In this formulation, the term "direction" refers to directions along a ray of 
numbers in a sense that the first direction may be the direction of 

25 increasing numbers whereas the second direction is the direction of 
decreasing numbers or vice versa. If, for example, the entry chief ray 
height equals zero (i.e. chief ray on the optical axis at the mirror group 
entry), then the second chief ray height may be positive and the fourth 
chief ray height may be negative or the other way round. If the entry 

30 chief ray height has a finite positive value, then one of the second and 
fourth chief ray height will have a larger positive value and the other, 
chief ray height may have a smaller positive value or a negative value, 
or may be zero. Analogously, if the entry chief ray height has a finite 
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negative value, then one of the second and fourth chief ray height will 
have a more negative value and the other, remaining chief ray height 
may have a less negative value or a positive value or may be zero. 

5 In a design where the chief ray positions of the second and fourth 
reflection (both on object-side mirrors having mirror surfaces facing the 
image side) occur at opposite sides relative to the position of the chief 
ray at the mirror group entry, a design space can be used allowing 
optical designs optimized with regard to effective use of concave mirrors. 

10 

Since the radiation entering the mirror group is reflected at least twice on 
a concave mirror surface before exiting the mirror group, the mirror 
group can provide strong overcorrection of the Petzval sum, which can 
at least partly compensate opposite effects on. image curvature caused 

15 by positive refractive power upstream and/or downstream of the mirror 
group. The mirror group can, therefore, be regarded as a "Petzval sum 
corrector". The mirror group can be modified with regard to curvature 
and relative position of the mirrors in order to modify the amount of 
Petzval sum provided by the mirror group with only a limited effect on 

20 the course of the projection beam within the remainder parts of the 
projection objective, whereby the design can be optimized such that a 
suitable distribution of means for correcting Petzval sum within the 
system can be chosen as needed. 

25 Since the mirrors of the mirror group are arranged such that radiation 
coming from the mirror group entry passes at least four times through 
the mirror group plane prior to exiting the mirror group at the mirror 
group exit, a multitude of at least four reflections can be obtained within 
an axially compact space defined between the mirror group entry and 

30 the mirror group exit. The mirror group plane may be a plane 
perpendicular to the optical axis and positioned between the vertices of 
the first and the second mirror of the mirror group. 
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In some embodiments, exactly four reflections occur within the mirror 
group providing a good compromise between a desired influence of 
reflections of the field curvature and an undesired loss of intensity 
involved with each reflection on a mirror. 

5 

In some embodiments of this type the first, second, third and fourth 
mirror is a concave mirror, thus providing four reflections on concave 
mirror surfaces. Strong Petzval overcorrection can be obtained this way 
since each reflection contributes a certain amount of Petzval over- 
10 correction. 

In some embodiments, a length ratio LR between an axial mirror group 
length MGL and a total track length TT of the projection objective is less 
than 50%, where the mirror group length is the axial distance between a 

15 mirror vertex closest to the object surface and a mirror vertex closest to 
the image surface and the total track length is the axial distance 
between object surface and the image surface. Preferably LR = MGL/TT 
is less than 40% or less than 30%, indicating axially compact mirror 
groups allowing to integrate strong Petzval correction in optical designs 

20 with moderate track length. 

There are different possibilities to integrate a mirror group into the 
projection objective. 

25 In some embodiments the mirror group entry includes the optical axis 
and the positions of the chief rays of the second and fourth reflection are 
positioned on opposite sides of the optical axis. 

In some embodiments it has been found beneficial to integrate the mirror 
30 group into the overall design such that the mirror group entry is 
positioned geometrically close to a front pupil surface of the projection 
objective. In this case, the projection beam (i.e. the radiation beam 
emanating from the object field and running to the image field) includes 
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the optical axis in the region of the mirror group entry. An axial position 
of the mirror group entry "in the vicinity of a pupil surface" may 
particularly be defined as an axial position where the chief ray height 
CRH is smaller than the marginal ray height MRH. 

5 

The marginal ray is a ray running from an axial field point (on the optical 
axis) to the edge of an aperture stop. In an off-axis system the marginal 
ray may not contribute to the formation of an image due to vignetting. 
The chief ray (also known as principal ray) is a ray running from an 
10 outermost field point (farthest away from the optical axis) and 
intersecting the optical axis at a pupil surface position. Due to rotational 
symmetry of a projection objective the outermost field point may be 
chosen from an equivalent field point on the meridional plane. 

15 The front lens group arranged between the object surface and the mirror 
group entry allows to transform the spatial distribution of radiation at the 
object surface into a desired angular distribution of radiation at the mirror 
group entry and to adjust the angles of incidence with which the 
radiation enters the mirror group and impinges on the first mirror. Also, 

20 the design of the front lens group is selected such that the radiation 
beam entering the mirror group entry has a desired cross-sectional 
shape allowing to pass the radiation beam into the mirror group exit 
without hitting adjacent mirror edges, thereby avoiding vignetting of the 
beam. 

25 

In embodiments having the mirror group entry including the optical axis, 
particularly where the mirror group entry lies geometrically close to a 
pupil surface, the front lens group may be designed as a Fourier lens 
group. The term "Fourier lens group" as used here refers to a single 
30 optical element or to a group consisting of at least two optical elements 
which perform one single Fourier transformation or an odd number of 
consecutive Fourier transformations between a front focal plane and a 
rear focal plane of the Fourier lens group. A Fourier lens group may be 
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all refractive consisting of one or more transparent lenses. A Fourier lens 
group may also be purely reflective consisting of one or more mirrors, at 
least some of the mirrors being curved mirrors. Catadioptric Fourier lens 
groups combining transparent lenses and mirrors are also possible. In 
5 preferred embodiments a Fourier lens group forming the front lens group 
is purely refractive and performs a single Fourier transformation. 

The front lens group may be axially compact having an axial length 
which may be less than 40% or less than 30% or less than 25% of the 
1 0 total track length of the projection objective. 

There are different possibilities to place the mirror group exit. According 
to one embodiment the mirror group exit is arranged geometrically close 
to a rear pupil surface optically conjugate to the front pupil surface. In 

15 this case, the mirror group is designed to perform a pupil imaging be- 
tween mirror group entry and mirror group exit. At least one intermediate 
image is thereby formed within the mirror group. Preferably, more than 
one intermediate image, e.g. two or three intermediate images, are 
formed within the mirror group. A mirror group exit close to a pupil sur- 

20 face allows to place the exit such that the optical axis is included into the 
projection beam at the mirror group exit, thereby allowing moderate lens 
diameters downstream of the mirror group exit. 

The terms "front" and "rear relate to the position along the optical path, 
25 wherein a front pupil surface lies upstream of a rear pupil surface. Geo- 
metrically, a front pupil surface will normally be closer to the object sur- 
face, whereas a rear pupil surface will normally be closer to the image 
surface. 

30 Where the mirror group exit is positioned geometrically close to a pupil 
surface, a Fourier lens group for forming an intermediate image in a 
constriction region may be provided immedeately downstream of the 
mirror group exit. In this case, a subsequent lens group may be de- 
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signed as an imaging subsystem for imaging the intermediate image 
formed by the Fourier lens group onto the image surface on a reduced 
scale. 

5 In other embodiments, the mirror group exit is arranged outside the 
optical axis optically close to an intermediate image (i.e. optically remote 
from a pupil surface), and the second and third lens group combined 
form an imaging subsystem for imaging that intermediate image onto the 
image surface on a reduced scale. This type of embodiments generally 
10 allows for smaller track length, however, larger lenses are required 
immediately downstream of the mirror group exit for converging the 
off-axis projection beam towards the constriction region. 

Preferably, at least two negative lenses are arranged in the constriction 
15 region in embodiments having a mirror group exit optically remote from 
the pupil surface. Thereby, a predefined amount of Petzval sum correc- 
tion is contributed by small negative lenses within a purely refractive 
section of the projection objective. Since a limited amount of Petzval 
sum correction can thereby by provided within the refractive section 
20 downstream of the mirror group, concave mirrors having moderate 
curvatures can be utilized within the mirror group. 

According to one embodiment the mirror group includes at least one 
mirror pair consisting of two concave mirrors having mirror surfaces 

25 sharing a common surface of curvature provided on a common mirror 
substrate having a transmissive portion or aperture provided between 
the concave mirrors of the mirror pair. The concave mirrors of a mirror 
pair may also be described as a concave mirror having a transmissive 
aperture wherein non-overlapping reflecting areas of the mirror on both 

30 sides of the aperture are used. The transmissive aperture is effective to 
allow radiation to enter or exit an intermirror space axially defined by 
the mirror pair on one side and one or more mirrors on the other side. 
A mirror pair formed by concave mirrors having a common surface of 
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curvature may facilitate manufacturing and mounting of the concave 
mirrors. In embodiments having a mirror group entry and/or a mirror 
group exit near a pupil surface, the aperture of the mirror pair includes 
the optical axis. 

5 

In some embodiments, the second and fourth mirror (i.e. the mirrors 
geometrically closest to the object surface) form a mirror pair provided 
on a common mirror substrate. An opening or aperture in the mirror 
substrate may include the optical axis and may define the mirror group 

10 entry. Likewise, it is possible that the first and third mirrors form a mirror 
pair provided on a common mirror substrate. An opening (aperture) 
provided between the first and third mirror may include the optical axis 
and may form the mirror group exit. In some embodiments, both the 
object-side mirrors (second and fourth mirror) as well as the image-side 

15 mirrors (first and third mirror) each form a mirror pair on a common 
mirror substrate such that only two mirror substrates are necessary to 
provide four mirrors. Manufacturing and mounting is greatly facilitated 
this way. 

20 The previous and other properties can be seen not only in the claims but 
also in the description and the drawings, wherein individual characteris- 
tics may be used either alone or in sub-combinations as an embodiment 
of the invention and in other areas and may individually represent ad- 
vantageous and patentable embodiments. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 



Fig. 1 

30 



shows a lens section of an embodiment of a catadioptric im- 
mersion objective for microlithography comprising a four-mirror- 
mirror group (type H in Fig. 8) and four intermediate images; 
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Fig. 2 shows the projection objective of Fig. 1 with different represen- 
tations of the concave mirrors of the mirror group and the pro- 
jection beam; 

Fig. 3 shows a variant of the projection objective of Fig. 1 having 
closely spaced inner mirrors of the mirror group; 

Fig. 4 shows a variant of the projection objective of Fig. 1 where two 
object-side concave mirrors are formed on a common sub- 
strate; 

Fig. 5 shows a variant of the projection objective of Fig. 1 where two 
image-side concave mirrors of the mirror group are formed on 
one common mirror substrate; 

Fig. 6 shows a variant of the projection objective of Fig. 1 where the 
object-side concave mirrors and the image-side concave mir- 
rors each have identical vertex positions and different curva- 
tures; 

Fig. 7 shows a variant of the projection objective in Fig. 1 having an 
asymmetric arrangement of concave mirrors of the mirror 
group; 

Fig. 8(a) to (d) shows a schematic representation of a design space for 
mirror groups suitable for incorporation into a catadioptric pro- 
jection objective, where different variants are distinguished by 
different paths of the projection beam between mirror group en- 
try and mirror group exit; 

Fig. 9 shows a mirror group with parabolic concave mirrors and a 
beam path of a low aperture beam (a) and a high aperture 
beam (b); 
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Fig. 10 shows and embodiment of a catadioptric projection objective of 
type F in Fig. 8 having three intermediate images; 

5 Fig. 1 1 shows a variant of the projection objective of Fig. 10 where the 
mirrors of the mirror group are disposed symmetrically about a 
mirror group plane; 

Fig. 12 shows a variant of the projection objective of Figs. 11 or 12 
10 where the first and fourth mirrors are planar mirrors perpen- 

dicular to the optical axis; 

Fig. 13 shows a variant of the projection objective of Fig. 12 with the 
planar mirrors removed to form a two-mirror mirror-group; 

15 

Fig. 14 shows a representation of the projection objective of Fig. 13 
where effectively used areas of the first and second mirror 
forming the mirror group are shown; 

20 Fig. 15 shows representations of a four-mirror-mirror-group having an 
object-side mirror group entry around the optical axis and an 
off-axis mirror group exit and a path of a low aperture beam (a) 
and a high aperture beam (b) through the mirror group; 

25 Fig. 16 shows an embodiment of a catadioptric projection objective 
with two intermediate images where the mirror group of Fig. 15 
is incorporated; 



Fig. 17 

30 



shows a variant of the projection objective of Fig. 16 with a 
smaller curvature of the first and third mirrors and a convergent 
beam at the mirror group exit; 
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Fig. 18 shpws a variant of the projection objective of Fig. 17 having al- 
most planar first and third mirrors and a convergent beam at 
the off-axis mirror group exit; 

Fig. 19 shows a schematic representation of a catadioptric projection 
objective suitable for immersion lithography having a mirror 
group with four concave mirrors arranged in two subsequent 
pairs of two concave mirrors, the mirrors of a pair being dis- 
posed on different sides of the optical axis; 

Fig. 20 shows various optional variants of the embodiment of Fig. 19 
where one or more lenses are inserted into the mirror group; 

Fig. 21 shows a variant of the embodiments of Figs. 19 or 20 having a 
front lens group providing a front pupil surface outside the front 
lens group; 

Fig. 22 shows an embodiment of a catadioptric projection objective 
suitable for immersion lithography having one single intermedi- 
ate image within a mirror group formed by two concave mirrors 
and two convex mirrors; 

Fig. 23 shows a schematic representation of a double-channel catadi- 
optric projection objective having two optical channels on op- 
posite sides of the optical axis provided by a catoptric mirror 
group having concave and convex mirrors; and 

Fig. 24 shows an axial view of the object surface of a double-channel 
projection objective having rectangular object fields (a) or arcu- 
ate object fields (b). 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In the following description of preferred embodiments of the invention, 
the term "optical axis" shall refer to a straight line or sequence of 

5 straight-line segments passing through the centers of curvature of the 
optical elements involved. The optical axis is folded by reflective sur- 
faces. In the case of those examples presented here, the object involved 
is either a mask (reticle) bearing the pattern of an integrated circuit or 
some other pattern, for example, a grating pattern. In the examples 

1 0 presented here, the image of the object is projected onto a wafer serving 
as a substrate that is coated with a layer of photoresist, although other 
types of substrate, such as components of liquid-crystal displays or 
substrates for optical gratings, are also feasible. 

15 Embodiments having a plurality of mirrors are described. Unless stated 
otherwise, the mirrors will be numbered according to the sequence in 
which the radiation is reflected on the mirrors. With other words, the 
numbering of the mirrors denotes the mirrors according to the position 
along the optical path of radiation, rather than according to geometrical 

20 position. 

Where appropriate, identical or similar features or feature groups in 
different embodiments are denoted by similar reference identifications. 
Where reference numerals are used, those are increased by 100 or 
25 multiples of 1 00 between embodiments. 

Where tables are provided to disclose the specification of a design shown 
in a figure, the table or tables are designated by the same numbers as the 
respective figures. 

30 

In all embodiments given below the surfaces of curvature of all curved 
mirrors have a common axis of rotational symmetry, also denoted mirror 
group axis. The mirror group axis coincides with the optical axis OA of 
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the imaging system. Axially symmetric optical systems, also named 
coaxial systems or in-line systems, are provided this way. Object surface 
and image surface are parallel. An even number of reflections occurs. 
The effectively used object field and image field are off-axis, i.e. 
5 positioned entirely outside the optical axis. All systems have a circular 
pupil centered around the optical axis thus allowing use as projection 
objectives for microlithography. 

Fig. 1 shows a lens section of an embodiment of a catadioptric projec- 
10 tion objective 100 designed to project an image of a pattern on a reticle 
arranged in the planar object surface OS (object plane) onto a planar 
image surface IS (image plane) on a reduced scale, for example 4:1, 
while creating exactly four real intermediate images IMI1, IMI2, IMI3 and 
IMI4. An off-axis object field OF positioned outside the optical axis OA is 
15 thereby projected on an off-axis image field IF. The path of the chief ray 
CR of an outer field point of the off-axis object field OF is drawn bold in 
Fig. 1 in order to facilitate following the beam path. 

For the purpose of this application, the term "chief ray" (also known as 
20 principal ray) denotes a ray emanating from an outermost field point 
(farthest away from the optical axis) of the effectively used object field 
OF and intersecting the optical axis at at least one pupil surface position. 
Due to the rotational symmetry of the system the chief ray may be 
chosen from an equivalent field point in the meridional plane as shown in 
25 the figures for demonstration purposes. In projection objectives being 
essentially telecentric on the object side, the chief ray emanates from 
the object surface parallel or at a very small angle with respect to the 
optical axis. The imaging process is further characterized by the 
trajectory of marginal rays. A "marginal ray" as used herein is a ray 
30 running from an axial object field point (on the optical axis) to the edge of 
an aperture stop AS. That marginal ray may not contribute to image 
formation due to vignetting when an off-axis effective object field is used. 
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The chief ray and marginal ray are chosen to characterize optical 
properties of the projection objectives. 

Fig. 2(a) shows a different representation of the projection objective 100 
5 with the surfaces of curvature of the concave mirrors extended across 
the optical axis to facilitate understanding of the arrangement and design 
of the concave mirrors. Fig. 2(b) shows yet another representation with a 
beam bundle emanating from an outermost object field point in order to 
facilitate understanding the positions of the intermediate images and 
10 some properties of the projection beam passing through the projection 
objective. 

A first lens group LG1 immediately following the object surface having 
positive refractive power provided by five lenses acts as an imaging 
15 subsystem to form the first intermediate image I MM . A front pupil surface 
FPS formed between object surface and first intermediate image is 
positioned outside and downstream of the first lens group LG1 at an 
axial position where the chief ray CR intersects the optical axis OA. An 
aperture stop may be arranged at the front pupil surface, if desired. 

20 

A purely reflective (catoptric) mirror group MG consisting of four 
separate concave mirrors M1, M2, M3 and M4 arranged mirror symme- 
trically with respect to a mirror group plane MGP perpendicular to the 
optical axis is designed to form a second intermediate image IMI2 from 
25 the first intermediate image, and a third intermediate image IMI3 from 
the second intermediate image. All intermediate images IMI1, IMI2, IMI3 
are positioned inside a cavity defined by the surfaces of curvature of the 
concave mirrors. 

30 A second lens group LG2 having positive refractive power provided by 
six lenses is an imaging subsystem forming a fourth intermediate image 
IMI4 from the third intermediate image IMI3. A pupil surface RPS formed 
between the third and fourth intermediate image lies outside the lenses 
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of the second lens group immediately upstream of the entry surface of 
the first lens of that group. 

A third lens group LG3 having positive refractive power provided by 
5 eleven lenses (only two weak negative lenses) is designed as a focusing 
lens group with reducing magnification to image the fourth intermediate 
image IMI4 onto the image surface IS on a reduced scale. 

A constriction region CON characterized by a local minimum of beam 
10 diameter is defined between the second and third lens group LG2 and 
LG3 including the position of the fourth intermediate image IMI4. 

The first lens group LG1 forms a front lens group FLG designed to 
converge the radiation coming from the object field towards the mirror 
15 group entry. The second lens group LG2 and the third lens group LG3 in 
combination serve as a rear lens group RLG for focusing the radiation 
emerging from the mirror group exit MGO onto the image surface. 

The purely reflective (catoptric) mirror group MG is designed to provide 
20 strong overcorrection of the Petzval sum counteracting opposite effects 
of positive refractive power of lenses upstream and downstream of the 
mirror group. To that end, the mirror group MG consists of a first 
concave mirror M1 placed on the side of the optical axis opposite to the 
object field OF, a second concave mirror M2 placed on the object field 
25 side of the optical axis, a third concave mirror M3 also placed on the 
object field side of the optical axis, and a fourth concave mirror M4 
placed on the side opposite to the object field. A finite axial distance 
(vertex distance) exists between the intersections of the surfaces of 
curvature of the most object side mirror (M4) and the geometrically 
30 closest mirror (M2) on the opposite side of the optical axis. A mirror 
group entry MGI is formed between the mutually facing edges of mirrors 
M2 and M4. As the mirror arrangement is mirror symmetric to a 
symmetry plane (mirror group plane MGP) perpendicular to the optical 
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axis, symmetric conditions are given on the exit side, where a mirror 
group exit MGO is formed between the third mirror M3 closer to the 
object and the first mirror M1 closer to the image-side. Both mirror group 
entry MGI and mirror group exit MGO include the optical axis. 

5 

The mirror group entry MGI has an axial position geometrically close to 
the front pupil surface FPS. Since the chief ray height (i.e. the radial 
distance between the optical axis and the chief ray) equals zero at the 
front pupil surface, an entry chief ray height CRHI at the mirror group 

10 entry is small in absolute values. In Fig. 1, a dot T illustrates the position 
where the chief ray transits the mirror group entry. This corresponds to a 
small negative value. After reflection on the first mirror M1, the radiation 
beam crosses the optical axis and is incident on the second mirror M2. 
The second reflecting area (footprint) on the second mirror includes the 

15 position R2 (dot) where the chief ray impinges on the second mirror. The 
corresponding second chief ray height CRH2 is larger than the first chief 
ray height (the ray height being determined in a radial direction to the 
optical axis with positive values on the side of the object field in this 
case). Specifically, CRH2 has a positive value. After forming the second 

20 intermediate image and reflection on the third mirror M3, the radiation 
beam crosses the optical axis again and is incident on the fourth mirror 
M4 in a fourth reflecting area including the position R4 (dot) where the 
chief ray is reflected on the fourth mirror. The corresponding fourth chief 
ray height CRH4 is smaller than the entry chief ray height CRHI since it 

25 has a more negative value than CRHI. Also, the second and fourth chief 
ray heights CRH2 and CRH4 have opposite signs, CRH2 being positive 
and CRH4 being negative. 

The small absolute value of entry chief ray height CRHI indicates close 
30 vicinity of the mirror group entry to a pupil surface. In contrast, high 
absolute values of the chief ray heights for the second and fourth 
reflection indicate that these reflections occur optically remote from a 
pupil surface optically closer to a field surface nearby (IMI2 for the 



WO 2005/098505 



-23- 



PCT/EP2005/003645 



second reflection, and IMI3 for the fourth reflection). Due to the 
symmetry of the mirror group, the reflections on the first and third mirrors 
M1, M3 are also closer to field surfaces than to a pupil surface indicating 
that all reflections within the mirror group occur close to a field surface 
5 optically remote from a pupil surface. 

Due to the symmetry of the mirror group, the front pupil surface FPS is 
positioned near the mirror group entry, whereas the optically conjugate 
rear pupil surface RPS lies near the mirror group exit. Inside the mirror 

10 group, three intermediate images (corresponding to field surfaces) are 
positioned. When viewed along the light propagation path, the first inter- 
mediate image IMI1 is positioned upstream of the first reflection at M1, 
the second intermediate image IMI2 is positioned between the second 
and the third reflection between mirrors M2 and M3, and a third inter- 

15 mediate image IMI3 is positioned immediately downstream of the fourth 
reflection at M4. The mirror group plane MGP is passed five times by the 
projection beam between mirror group entry and mirror group exit. 

An axial mirror group length MGL defined as the axial distance between 
20 a mirror vertex closest to the object surface (mirror M4) and a mirror 
vertex closest to the image surface (mirror M1) is less than 30% of the 
total track length TT of projection objective (axial distance between 
object surface and image surface), indicating an axially compact mirror 
group. 

25 

The second intermediate image is essentially telecentric indicated by the 
fact that the chief ray CR runs almost parallel to the optical axis in the 
region of the second intermediate image. An essentially collimated 
beam is formed between the first and second mirrors M1, M2, forming a 
30 second pupil surface P2 close to the focal point of the second mirror. 
Likewise a collimated beam is present between the third and fourth 
mirror M3, M4, forming a third pupil surface P3 near the focal point of the 
third mirror M3. 
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The projection objective 100 is designed as an immersion objective for 
X= 193 nm having an image side numerical aperture NA= 1,20 when 
used in conjunction with a high index immersion fluid, e.g. pure water, 
5 between the exit face of the objective and the image plane. The size of 
the rectangular field is 26mm * 5,5mm. Specifications are summarized in 
Table 1 . The leftmost column lists the number of the refractive, reflective, 
or otherwise designated surface, the second column lists the radius, r, of 
that surface [mm], the third column lists the distance, d [mm], between 

10 that surface and the next surface, a parameter that is referred to as the 
"thickness" of the optical element, the fourth column lists the material 
employed for fabricating that optical element, and the fifth column lists 
the refractive index of that material. The sixth column lists the optically 
utilizable, clear, semi diameter [mm] of the optical component. A radius 

15 r = 0 in a table designates a planar surface (having infinite radius). 

A number of surfaces in table 1, are aspherical surfaces. Table 1A lists 
the associated data for those aspherical surfaces, from which the sagitta 
or rising height p(h) of their surface figures as a function of the height h 
20 may be computed employing the following equation: 

p(h) = [((1/r)h 2 )/(1 + SQRT(1 - (1 + K)(1/r) 2 h 2 ))] + C1 • h 4 + C2 • h 6 + .... , 

where the reciprocal value (1/r) of the radius is the curvature of the 
25 surface in question at the surface vertex and h is the distance of a point 
thereon from the optical axis. The sagitta or rising height p(h) thus 
represents the distance of that point from the vertex of the surface in 
question, measured along the z-direction, i.e., along the optical axis. The 
constants K, C1, C2, etc., are listed in Table 1A. 

30 

Some considerations for obtaining a high geometrical light conductance 
value (etendue, product of numerical aperture and corresponding field 
size) for the effectively used field are presented in the following. As 
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explained above, radiation enters the four-mirror-design at a mirror 
group entry MGI geometrically close to a pupil surface (front pupil 
surface FPS), and the mirror group exit MGO is also geometrically close 
to a pupil surface (rear pupil surface RPS) indicating that the mirror 
5 group performs a pupil imaging within the optical system. Further, each 
of the mirror surfaces is positioned optically close to a field surface 
(intermediate image) in a sense that the mirror is optically closer to a 
field surface than to a pupil surface of the object system. Specifically, the 
absolute value of the chief ray height may be more than twice the 

10 absolute value of the marginal ray height at the mirror surfaces. In order 
to avoid vignetting of the beam in the region of the pupil surface, the 
beam must pass the geometrically closest edge of the mirrors forming 
the mirror group entry or mirror group exit. Regarding the footprints of 
the beams on the mirrors care must be taken that the entire footprint 

15 falls on a reflective area of the mirror instead of passing the edge of a 
mirror, which would cause vignetting. A further practical requirement is 
to obtain a sufficiently large object field as close as possible to the 
optical axis in order to minimize the object field diameter for which the 
projection objective must be sufficiently corrected for aberrations. Under 

20 these conditions, it has been found useful to design the optical systems 
such that the size of the pupil (i.e. the beam diameter of the beam at a 
pupil surface) is as small as possible at a pupil plane geometrically close 
to the mirror group entry (front pupil surface) and mirror group exit (rear 
pupil surface). A small pupil at the mirror group entry allows to place a 

25 geometrically close field (on or near an adjacent mirror) after an odd 
number of reflections as close as possible to the optical axis without 
hitting the mirror edge. Likewise, a small pupil at the mirror group exit 
allows to place a geometrically close field (on or near an adjacent mirror) 
after an even number of reflections as close as possible to the optical 

30 axis without hitting the mirror edge. Further considering that the product 
of paraxial chief ray angle CRA and the size of a pupil is a constant in an 
optical imaging system (Lagrange invariant) a small pupil corresponds to 
large chief ray angles at that pupil surface. In this context it has been 
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found useful for catadioptric in-line systems having mirror groups of the 
type shown here that the maximum chief ray angle CRA max should 
exceed a critical value, thereby allowing to form a small pupil and an 
oblique beam path in the vicinity of a mirror group entry and mirror group 
5 exit which, in turn, allows to place a large off-axis object field close to the 
optical axis even at high numerical apertures. 

The maximum chief ray angle CRA max at the front pupil surface FPS 
close to the mirror group entry is about 40° in Fig. 1 . Useful values for 

10 CRA m ax may be in the range between about 20° and about 50°. At lower 
values, the pupil size increases such that it becomes more difficult to 
avoid vignetting without increasing the object field diameter to be 
corrected. At values higher than the upper limit, mirror surfaces may 
have to extend too far away from the optical axis thereby enlarging the 

15 mirror group size in radial direction and making mirror manufacturing 
and mounting more difficult. 

This basic type of design provides useful degrees of freedom with 
respect to the amount of Petzval sum correction provided by the mirror 

20 group. In order to demonstrate this flexibility, design variants have been 
created where the inner mirrors M2 and M3 are placed closer together or 
further apart from each other when compared to the arrangement of Fig. 
1. In that case, it is desirable to adapt the curvatures of the mirrors such 
that the focal points of the inner concave mirrors remain essentially at 

25 the related pupil positions. In this case, the Petzval sum is changing with 
increasing or decreasing mirror surface curvature, whereas the tele- 
centric beam at the second intermediate image between M2 and M3 is 
maintained due to symmetry reasons. Likewise, the pupil imaging 
property allowing the mirror group to image the front pupil surface (close 

30 to the mirror entry) into the rear pupil surface (close to the mirror group 
exit) remains essentially stable. 



WO 2005/098505 



-27- 



PCT/EP2005/003645 



Fig. 3 shows an example of a projection objective 300 designed as a 
variant to the embodiment of Fig. 1 where a larger difference between 
the surface curvatures of the external mirrors M1, M4 on the one hand 
and the internal mirrors M2, M3 on the other end is obtained. 
5 Specifically, the curvature radius of the inner mirrors M2, M3 is 
decreased and the mirrors are closer together than in the embodiment of 
Fig. 1. Comparing the embodiments of Figs. 1 and 3 it can be seen that 
a variation of Petzval sum correction provided by the mirror group can 
be obtained within a concept of mirror symmetric arrangement of all four 
10 mirrors of the mirror group with respect to the mirror group plane. The 
mirror group in the embodiment of Fig. 3 has the strongest effect on 
image curvature due to the larger optical power of the concave mirrors. 

Mirror groups designed symmetrically to a symmetry plane may be 
15 advantageous from a manufacturing point of view since the same manu- 
facturing and testing devices can be used to manufacture more than one 
concave mirror of the projection objective. Also, mounting can be facili- 
tated. 

20 In some cases, a larger flexibility for aberration control can be obtained 
when the mirror group is designed non-symmetric with respect to a 
mirror group plane MGP perpendicular to the optical axis. In the 
projection objective 400 of Fig. 4 the symmetry between the mirrors is 
broken and the second and fourth mirror M2, M4 are combined to form a 

25 mirror pair on a single common mirror substrate providing one mirror 
surface with a defined surface of curvature common to both mirrors M2, 
M4. The mirror substrate has a transmissive portion TP (formed by a 
hole in the mirror substrate) arranged such that the optical axis is 
included and dimensioned to form the mirror group entry MGI where the 

30 projection beam provided by the first lens group LG1 near the front pupil 
surface can pass through the transmissive portion without hitting the 
edge of the hole (i.e. without vignetting). Using at least one mirror pair of 
this type helps to reduce the number of optical elements to be 
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manufactured and facilitates mounting of the concave mirrors formed on 
the common substrate. In the embodiments all concave mirrors are 
designed as purely conical mirrors, whereby manufacturing and testing 
is facilitated. In general, aspheric surfaces allow better aberration 
5 control. 

In the projection objective 500 of Fig. 5, a similar system is shown 
equivalent to that of Fig. 4 in respect to the fact that one single mirror 
pair formed on a common substrate is provided. Here, the image side 
10 mirrors M1 and M3 are formed on a common substrate having a central 
hole or bore providing a transmissive portion between the concave 
mirrors forming the mirror group exit MGO where the projection beam 
passes through when exiting the mirror group MG. 

15 In another embodiment (not shown in the figures) the mirror group is 
formed of two mirror pairs, where the mirrors M1, M3 are formed on one 
substrate, and the mirrors M2 and M4 are formed on another substrate, 
each substrate having a central hole including the optical axis. 

Another class of symmetry is demonstrated using the projection 
objective 600 of Fig. 6 as an example. Here, the vertex positions of the 
object-side mirrors M2 and M4 on the one hand and of the image-side 
mirrors M1 and M3 on the other hand are identical. Therefore, the 
object-side mirrors having their mirror surfaces facing to the image-side 
have the same axial position, but differ in surface curvature. Likewise, 
the image-side mirrors having the mirror surfaces facing to the object 
have the same axial position, but differ in surface curvature. Mounting of 
the mirrors may be facilitated this way. 

30 In Fig. 7 another variant of a projection objective 700 is shown where no 
symmetry exists between the mirrors M1 to M4 of the mirror group MG. 
Specifically, each of the concave mirrors has a different surface curv- 
ature and a different vertex position. As the surface curvatures deter- 



20 



25 
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mining the Petzval sum provided by a concave mirror and their axial 
positions can be selected independently between the concave mirrors, a 
desired contribution of the mirror group Petzval sum correction can be 
obtained as desired. 

5 

Further characteristic features of the basic design type include the 
following. High flexibility for the amount of Petzval sum correction as 
explained. Due to the presence of an intermediate image (fourth 
intermediate image IMI4) outside the mirror group at a distance 

10 therefrom, an accessible field surface is provided, facilitating the 
correction of aberrations and allowing to introduce a field stop, if desired. 
Small maximum lens diameters can be used due to the strong Petzval 
correction provided by the mirror group, thereby keeping the entire 
system mass and the amount of optical material for the lenses 

15 moderate. The mirror group forms an axially compact unit within the 
projection objective, keeping the overall track length moderate. 

The embodiments shown in Figs. 1 to 7 represent one preferred type of 
member of a design family having a mirror group having four nested 

20 mirrors providing four reflections between mirror group entry and mirror 
group exit. Specific properties of the design type have been explained 
with respect to the path described by the chief ray CR through the mirror 
group. A systematic approach to characterize and qualify the entire 
design family of this type will now be explained in connection with Fig. 8. 

25 In this figure, a mirror group consisting of four concave mirrors is 
represented schematically by bracket-shaped curved lines having 
concave sides facing each other. The object-side mirrors M2, M4 
geometrically closer to the object surface OS and having mirror surfaces 
facing the image surface IS are represented by a curved line convex to 

30 the object surface, whereas the opposite image-side mirrors M1, M3 are 
represented by a curved line convex to the image surface. A radiation 
beam passing through the mirror group between mirror group entry and 
mirror group exit is characterized by the chief ray CR. As explained 
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exemplarily in connection with Figs 1 to 7 various ways to design and 
arrange the concave mirrors are possible. In a general case, all four 
mirrors are separate mirrors providing the highest degree of freedom for 
the design since vertex positions and curvatures can be set 
5 independently. Higher symmetries, e.g. one or two mirror pairs, equal 
vertex positions and/or curvature radii etc are possible. 

Where a reflection of the beam occurs on the optical axis OA in the 
schematic figure, this represents a reflection optically close to a pupil 

10 surface (abbreviated by Rp). In contrast, where a reflection occurs at a 
radial distance from the optical axis, this represents a reflection closer to 
a field surface (R F ). A position where the chief ray CR intersects a 
curved line representing mirrors corresponds to a region where the 
radiation beam enters or exits the mirror group. A transmission close to 

15 the optical axis will be near a pupil and designated T P , whereas a 
transmission near a field surface will be designated T F . 

Figs. 8(a) to (d) represent four branches of the design family different 
with respect to the position and direction of entry of the radiation beam 

20 into the mirror group. The branch in (a) is characterized by a telecentric 
entry of the beam at MGI (i.e. chief ray parallel to optical axis) close to a 
field surface outside the optical axis (T F ) in level 0. The members of the 
branch in the following level 1 are generated depending on the position 
of the second reflection at M2, which may occur on the optical axis (R P ) 

25 or close to a field surface on the opposite side of the optical axis (R F ). In 
Fig. 8(a) both options in the first level are shown below each other. 

The members of the second level following the first level are derived 
from those of the first level depending on the position of the reflection 
30 subsequent to the second reflection occurring on the image-side third 
mirror M3. In each of the two sub-branches following a member of the 
first level the reflection on the third mirror may theoretically occur either 
in the image-side pupil position (R P ), or in the field position (R F ) not yet 
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used on the image-side mirror, i.e. a field position on the opposite side to 
the first reflection. It appears that among the four members of the 
second level, three members appear to be physically feasible, whereas 
the fourth member (uppermost member of level 2) characterized by a 
5 reflection on a pupil surface immediately downstream of a reflection on a 
pupil surface appears to be not feasible. In Fig. 8, options which appear 
not feasible for physical reasons are crossed out. 

The development of the members of the third level follows the same 
10 principle for identifying what type or types of reflections appear feasible 
on the object-side fourth mirror M4. The reflection must occur at a 
position not yet used on the object-side mirrors. For physical reasons, 
two of the remaining three options in level 3 appear not feasible, leaving 
only one option where a reflection on the fourth mirror M4 occurs near a 
15 field position (Rf) on the same side of the optical axis as the third 
reflection upstream of the fourth reflection (Rf)- In the fourth level, the 
system is completed when the beam reflected on the fourth mirror M4 
exits the mirror group at the mirror group exit MGO positioned around 
the optical axis, indicated by a transmission occurring near a pupil 
20 surface (T P ). 

In summary, Fig. 8(a) shows that only one physically meaningful option 
(type A) remains if a telecentric beam enters a mirror group outside the 
optical axis close to a field position (T F ). In this embodiment, the 
25 reflections and transmissions occurring on the object-side of the mirror 
group may be characterized by the sequence: Tf - Rp - Rf, whereas the 
reflections and transmissions on the image-side of the mirror group are 
characterized by: Rf - Rf - T P . 

30 This notation illustrates that a radiation beam passing through the mirror 
group is represented by three different positions of "footprints" of the 
beam in the region of the object-side mirrors and by three different 
footprints in the region of the image-side mirrors. Using the object-side 
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mirrors M2, M4 as an example, one footprint occurs upon entry of the 
light beam into the mirror group (here optically remote from the optical 
axis (T F )), and two at subsequent reflections on object-side mirrors (here 
R P and, later, R F ). 

5 

In order to obtain an optical system free of vignetting, these footprints 
are not allowed to overlap. Instead, there must be a minimum distance 
between the footprints. This is made possible by designing the system 
such that for each set of mirrors (mirrors M2 and M4 on the object-side 

10 and mirrors M1 and M3 on the image-side) the chief ray heights for two 
reflections and one transmission are substantially different from each 
other. Therefore, only one footprint can include the optical axis. This 
footprint (in transmission or in reflection) may be close to a pupil surface. 
The remainder of the footprints (in reflection or transmission) may not 

15 include the optical axis, indicating the tendency that these reflections or 
transmissions will be closer to a field surface, which may be an 
intermediate image. 

In general, the positions of the footprints on the object side of the mirror 
20 group in terms of chief ray heights may be characterized as follows. The 
mirror group entry may be positioned in a region where radiation exiting 
the front lens group has an entry chief ray height. The second reflecting 
area may be positioned in a region where radiation impinging on the 
second mirror has a second chief ray height deviating from the entry 
25 chief ray height in a first direction. The fourth reflecting area may 
positioned in a region where radiation impinging on the fourth mirror has 
a fourth chief ray height deviating from the entry chief ray height in a 
second direction opposite to the first direction. 

30 Embodiments of type A require an essentially telecentric input of 
radiation, which can be provided by an imaging subsystem serving as a 
relay system arranged between object surface and mirror group entry. 
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Considerable axial installation space may be required for that type of 
relay system. 

Having explained the principle underlying the development of members 
5 of this design family depending on position and angle of the chief ray at 
the mirror group entry, the other branches of the family are developed in 
a similar fashion. The branch illustrated in Fig. 8(b) is characterized by a 
chief ray entering the mirror group outside the optical axis near a field 
surface (T F ) inclined to the optical axis such that a first reflection at the 
10 first mirror M1 will occur near a pupil surface (R P ). Two types of basic 
designs (type B and type C) may be derived for this type. 

Embodiments of type B and C are characterized by a convergent beam 
on the entry side of the mirror group and a divergent beam on the exit 
15 side of the mirror group. Where an in-line system is required, relatively 
large lenses would be needed close to the mirrors, which may not be 
desirable if a compact projection objective is wanted. 

The branch of the design family depicted in Fig. 8(c) is characterized by 
20 an off-axis mirror group entry and a convergent beam with a 
transmission near a field plane (T F ) followed by subsequent reflection on 
the first mirror M1 near a field surface on the opposite side of the optical 
axis (Rf). Only one embodiment with four reflections (type D) appears 
theoretically possible. Since an off-axis beam strongly converging is 
25 required on the entry side, this variant appears less attractive for 
compact in-line catadioptric systems. 

The fourth branch in Fig. 8(d) is characterized by a mirror group entry 
close to the optical axis, preferably including that optical axis, such that a 
30 first transmission occurs near a pupil surface (T P ) and a subsequent first 
reflection close to a field surface (Rf). A total number of four different 
types (E, F, G, H) can be obtained based on this type of radiation entry. 
Briefly, type E is characterized by the fact that the mirror group exit MGO 
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is positioned remote from the optical axis such that a transmission near 
a field surface (T» occurs at the mirror group exit. Both types F and H, in 
contrast, are characterized by the fact that a mirror group exit close to 
the optical axis, preferable including that optical axis, is present to allow 

5 that the radiation beam exists the mirror group in the vicinity of a pupil 
surface (T P ). Whereas type G appears less attractive due to the strongly 
diverging beam at the mirror group exit, types E, F and H appear to be 
attractive when designing catadioptric in-line projection objectives 
capable of transporting a large entendu of the effective object field 

10 without vignetting at very high numerical apertures, particularly at 
numerical apertures allowing immersion lithography with image-side 
numerical apertures NA > 1. Preferred embodiments will be explained 
below. 

15 Other branches (not shown) are related to the branches shown in Fig. 8 
by mirror symmetry with respect to an axial plane perpendicular to the 
meridional plane (paper plane). 

Some principles may be derived from the above considerations. 

20 Basically, it appears desirable that small footprints are obtained on the 
mirror surfaces. This appears advantageous with regard to the size of 
the mirrors as well as to the size of the effective object field which can 
be imaged through such system. Further, the footprints near pupil 
surfaces in the region of the mirror group should be small to avoid 

25 vignetting of the beam at a mirror edge. Further, considering that the 
product of paraxial chief ray angle CRA and the size of a pupil is a 
constant in an optical imaging system (Lagrange invariant), a small pupil 
corresponds to large chief ray angles at that pupil surface. 

30 Further, the systematic derivation of desirable variants of the design 
family allows to indicate useful features with respect to the paraxial 
construction (refractive/reflective powers and distances of the optical 
elements) as well as with respect to the aspheric shape of the mirror 
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surfaces. This will be explained in connection with Fig. 9 showing a 
mirror group MG and a radiation beam entering and exiting a mirror 
group at mirror group entry and mirror group exit, respectively, both 
positioned near a pupil surface of the system. A beam with a small 
5 aperture is shown in Fig. 9(a), whereas a larger aperture beam is shown 
in Fig. 9(b) for the same mirror group. 

In the notation explained above, the object-side mirrors M2, M4 are 
characterized by the sequence T P - R F - Rf, whereas the image-side 
10 mirror M1, M3 are characterized by the sequence R F - R F - Tp. Two 
intermediate images are formed within the mirror group. 

The object-side mirrors M2, M4 and the image-side mirrors M1, M3 each 
have the same vertex position, where an axial distance d exists between 

15 the object-side and image-side vertex position. The radiation beam 
transits the object-side mirrors in the vertex region around the optical 
axis and is collimated by first mirror M1 consistent with first mirror M1 
being a paraboloid mirror having a curvature radius r M i=2d at the vertex. 
Second mirror M2 is designed to reflect the chief ray running parallel to 

20 the optical axis such that the beam transits the center of the mirror 
group, indicating that second mirror M2 is a paraboloid having curvature 
radius r M 2=d. Likewise, r M3 =d and r M4 =2d for the paraboloid mirrors M3 
and M4. Having an object situated a suitable distance upstream of the 
mirror group, the beam path shown in Fig. 9 can be obtained. A mirror 

25 group of this type can be supplemented by additional optical elements to 
form a catadioptric projection objective by providing a front lens group 
with positive refractive power upstream of the mirror group entry MGI 
and a focusing group with positive refractive power downstream of the 
mirror group exit MGO. 

30 

The following examples of embodiments are based on the design 
principles laid out above. All embodiments have the same light 
conductance value (etendu) at a constant object field radius and image- 
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side numerical aperture NA=1,20 suitable for immersion lithography. 
With regard to vignetting, the designs are optimized for an effective 
object field having rectangular shape and dimensions 26 mm x 5,5 mm. 
The reduction ratio is 4:1 (magnification | p | = 0,25). One example 
5 (based on type H in Fig. 8) has already been discussed in detail in 
connection with Figs. 1 to 3, where variants are shown in Figs. 4 to 7. 

Fig. 10 shows a projection objective 1000 based on type F of Fig. 8, 
where the surfaces of curvature of first mirror M1 and fourth mirror M4 

10 have large radius indicating a small mirror sag. Here, the beam 
converged by front lens group FLG enters the mirror group in the vicinity 
of a system pupil FPS and forms a first intermediate image IMI1 on 
and/or near the first mirror M1. The beam reflected from the first mirror 
to the second mirror M2 positioned on the same side at the optical axis 

15 is essentially collimated by the second mirror M2 having strong surface 
curvature and transits a second pupil upon crossing the optical axis. 
After reflection on strongly curved third mirror M3 and weakly curved 
fourth mirror M4 positioned on the same side of the optical axis, the 
beam forms a second intermediate image IMI2 and exits the mirror 

20 group at mirror group exit MGO geometrically close to the rear pupil 
surface RPS. All four concave mirror have an aspheric mirror surface. 

Second lens group LG2 forms a third intermediate image IMI3 in the 
region of the constriction CON before the beam is converged by the third 
25 lens group LG3 to form a high aperture beam converging on the image 
surface IS. 

Fig. 1 1 shows a variant 1 100 of the system of Fig. 10, where the mirrors 
of the mirror group MG are disposed mirror symmetrically around the 
30 mirror group plane MGP halfway between the most object-side and the 
most image-side mirror vertices. In this approach, the inner mirrors 
(closer to the mirror group plane) can be modified to further reduce the 
surface curvature. A limiting case is shown as objective 1200 in Fig. 12, 
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where the first mirror M1 and the fourth mirror M4 are degenerated to 
form planar mirrors aligned perpendicular to the optical axis. As planar 
mirrors are optically neutral with respect to introduction or removal of 
optical aberrations, planar mirrors are usually only used as folding 
5 mirrors to deflect radiation and, thereby, to fold the optical axis of optical 
systems. Therefore, planar mirrors can be removed from the beam path 
without influencing the optical performance. However, vignetting 
problems may be introduced upon removing a planar mirror. The 
projection objective 1300 shown in Fig. 13 is basically derived from the 
10 embodiment 1200 of Fig. 12 by removing the planar mirrors M1, M4 and 
modifying the lens groups upstream and downstream of mirror group 
MG. 

Fig. 14 shows the same projection objective 1300 where only the 

15 effective parts of the concave mirrors M1 and M2 are shown to facilitate 
understanding construction of this projection objective. The specification 
is given in tables 14, 14A. The projection objective has a first lens group 
LG1 acting as an imaging subsystem to form a first intermediate image 
IMI1. A second, catoptric subsystem is formed by a mirror group MG and 

20 designed to form a second intermediate image IMI2 from the first 
intermediate. A second lens group LG2 is designed as an imaging 
subsystem to form a third intermediate image IMI3 from the second 
intermediate image in a constriction region CON of the rear lens group 
RLG following the mirror group. A third lens group LG3 with positive 

25 refractive power serves to image the intermediate image on a reduced 
scale onto the image surface IS. The mirror MG consists of a first 
concave mirror M1 having a mirror surface facing the object side, and a 
second concave mirror M2 having a mirror surface facing the image 
side. A mirror group entry MGI is defined in the region where the 

30 curvature surface defined by the second mirror intersects the optical axis 
OA, whereas a mirror group exit MGO is defined where the surface of 
curvature of the first mirror M1 intersects the optical axis. Both 
intermediate images (at least the paraxial part thereof) are positioned 
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within an intermirror space defined by the concave mirrors. Both mirrors 
are arranged near an intermediate image, i.e. optically remote from a 
pupil surface. The mirror group entry is positioned geometrically in an 
intermediate region between a front pupil surface downstream of the exit 
5 lens of the first lens group LG1 and the first intermediate image. 
Likewise, the mirror group exit is positioned intermediately between the 
second intermediate image and the subsequent pupil surface RPS 
position in the entry section of the second lens group LG2. 

10 It is a characterizing feature of this type of two-mirror in-line projection 
objective that the angle included between the chief ray CR and the 
optical axis (chief ray angle CRA) may be as high as 70° or 80° or more 
indicated by the fact that the radiation beam crosses the optical axis 
between the first and second mirror almost at right angles. This 

15 corresponds to a small beam cross section at this pupil surface. High 
values for the chief ray angle are also obtained upstream and 
downstream of the mirror group in the region of the first and second 
intermediate images, respectively. 

20 Although projection objectives including mirror groups according to types 
B, C, D or G of Fig. 8 are theoretically possible, they appear less 
desirable for the following reasons. High values of the chief ray angle 
CRA next to an intermediate image are needed at the mirror group entry 
and/or at the mirror group exit to obtain a strongly converging or strongly 

25 diverging chief ray in order to obtain a small footprint in a pupil surface. 
In order to obtain a strongly divergent or convergent chief ray at the 
mirror group entry outside the optical axis, the front lens group arranged 
between optical surface and mirror group entry needs to have strong 
refractive power provided by large diameter lenses. Likewise, if a 

30 strongly divergent beam emerging from the mirror group at an off-axis 
mirror group exit is provided, large lenses providing strong refractive 
power are needed to guide the beam towards the region of the pupil 
surface closest to the image surface, where an aperture stop may be 



WO 2005/098505 



-39- 



PCT/EP2005/003645 



positioned. Also, a plurality of relatively large lenses appears to be 
necessary to realize such systems. As a consequence, large lens 
diameters and/or large system length may be necessary in such 
systems. 

5 

Systems of type A or E are basically equivalent to each other with a 
difference lying in the radiation propagation direction. In order to obtain a 
telecentric beam off-axis at the mirror group entry (type A) an imaging 
subsystem serving as a relay system would be required between object 

10 surface and mirror group, thereby increasing the system length in this 
part. A beam having a large chief ray angle emanating from the mirror 
group close to a pupil surface will normally require that the system part 
downstream of the mirror group is designed for creating an intermediate 
image, basically as described in connection with Figs. 1 to 7, for 

15 example. 

Mirror groups of type E requiring large chief ray angles (or a small pupil) 
at the mirror group entry and a telocentric off-axis beam at the mirror 
group exit will now be explained in connection with Figs. 15 to 18. In 

20 each embodiment, a front lens group FLG serving as a relay system to 
provide large chief ray angles and a small beam diameter at the front 
pupil surface FPS close to the mirror group entry is provided. The axial 
length may be relatively short. In each case, the mirror group MG is 
designed for providing four reflections between mirror group entry and 

25 mirror group exit, thereby forming two intermediate images IMI1, IMI2. 
The first, second and fourth reflection are optically remote from a pupil 
surface, whereas the third reflection is near a pupil surface. In each 
case, the lenses downstream of the mirror group form an imaging 
subsystem including a constriction region CON with a local minimum of 

30 beam diameter for imaging the second intermediate image IMI2 onto the 
image surface IS. Relatively large lens diameters of lenses immediately 
downstream of the mirror group are one characterizing feature of these 



WO 2005/098505 



-40- 



PCT7EP2005/003645 



embodiments required to "capture" the off-axis intermediate image and 
to converge the beam towards the constriction region. 

Embodiments of this type may be realized with two physically identical 
5 aspheric mirrors having an essentially parabolic shape, where the 
amount of curvature radius at the vertex, I r I , equals twice the distance 
d between the vertices of the mirrors. Figs. 15(a) and (b) and Fig. 16 
illustrate such embodiments. In Fig. 15(a) a low aperture beam is shown, 
whereas in (b) a similar beam is shown at higher numerical aperture to 
10 indicate the actual sizes of footprints expected in the region of the front 
pupil surfaces FPS and in the reflecting areas on the concave mirrors. 

A projection objective 1600 with a telecentric beam at the second 
intermediate image close to the mirror group ext MGI is shown in Fig. 16 
15 showing that large positive lenses with a diameter comparable to the 
diameter of the mirror group are required to focus the beam towards the 
image surface. 

In order to facilitate lens manufacturing and to reduce system mass, this 
20 problem can be alleviated by providing a fourth mirror M4 having a larger 
refractive power, whereby a chief ray significantly converging at the third 
intermediate image is obtained (Projection objective 1700 in Fig. 17). 
Smaller lens diameters of the positive lenses immediately downstream 
of the mirror group exit are obtained. Note that the footprints of the beam 
25 on the image-side mirrors M1 and M3 are overlapping partially. This is 
made possible by constructing mirrors M1 and M3 on a single mirror 
substrate having a common surface of curvature, whereby a multiply 
reflecting mirror is provided which is used twice at reflecting areas 
overlapping at least partially. 

30 

A further improvement with respect to smaller lens diameters 
immediately downstream of the mirror group is shown exemplarily for 
projection objective 1800 in Fig. 18, where the radius of curvature of the 
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second and fourth mirrors is further reduced when compared to the 
previous embodiments, thereby further increasing the chief ray angle to 
form a convergent beam at the mirror group exit MGO. In this 
embodiment the image-side mirrors M1, M3 are spherical with large 
5 curvature radius, whereas the object-side mirrors M2, M4 are aspherical. 
The specification is given in tables 18, 18A 

All embodiments presented so far have an axially compact mirror group 
providing strong Petzval overcorrection. In some embodiments, synergy 

10 effects are obtained for manufacturing and testing since mirrors identical 
in construction are used, e.g. in mirror-symmetric mirror groups. Also, 
mirror pairs provided on a common substrate are employed in some 
embodiments, thereby facilitating manufacturing and mounting. 
Providing strongly curved mirrors for Petzval correction allows to reduce 

15 the number and maximum diameters of lenses, thereby reducing overall 
dimension and mass consumption of the projection objectives. In some 
embodiments, a real intermediate image is accessible in the system part 
downstream of the mirror group, whereby correction of optical 
performance can be improved by applying a suitable field stop. In the 

20 embodiments without intermediate image downstream at the mirror 
group (e.g. Figs. 17, 18) relatively flat concave mirrors can be used, 
which facilitates manufacturing of the mirrors. 

All systems are designed for projecting a rectangular effective object 
25 field onto the image surface. Improvements with respect to optical 
design can be obtained if an arcuate field (also denoted "ring field" or 
"annular field" ) is used. 

In the above mentioned embodiments having four mirrors, the mirrors 
30 are nested into each other such that the mirror group plane inside the 
mirror group is transited five times, thereby allowing to construct axially 
short mirror groups. In the following, catadioptric projection objectives 
suitable for immersion lithography are shown schematically, where other 
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arrangements of mirror groups having four consecutive mirrors along a 
propagation of the projection beam are shown. 

The projection objective 1 900 of Fig. 1 9 has a refractive front lens group 
5 FLG following the object surface for forming a first intermediate image 
IMI1 from the object field. A second, purely reflective imaging subsystem 
formed by a first mirror M1 and a second mirror M2 having facing 
concave mirror surfaces is designed to form a second intermediate 
image IMI2. A third catoptric (purely reflective) imaging subsystem 

10 formed by a third mirror M3 and a fourth mirror M4 having facing 
concave mirror surfaces is designed to form a third intermediate image 
IMI3, which is then focused onto the image surface IS by a refractive 
rear lens group RLG. The mirror group entry MGI of the mirror group MG 
is formed next to second mirror M2 optically close to the first 

15 intermediate image, whereas the mirror group exit MGO is formed on the 
same side of the optical axis OA next to third mirror M3 optically near the 
third intermediate image IMI3. The front lens group FLG allows to 
position the first intermediate image IMI1 at an optimum position next to 
the second mirror and to shape the beam in the region of the mirror 

20 group entry such that beam vignetting at the second mirror M2 is 
avoided. Using an annular field instead of a rectangular field can 
contribute to avoiding vignetting. As all concave mirrors M1 to M4 are 
positioned optically closer to field surfaces (at intermediate images) than 
to pupil surfaces (at intersections between the chief ray CR and the 

25 optical axis OA), mirrors with compact size can be used, further 
contributing to define an optical path where a larger aperture beam from 
a large object field can be guided through the mirror group without 
vignetting. The off-axis object field can, therefore, be positioned 
relatively close to the optical axis, whereby the size of the object field 

30 which must be corrected sufficiently, can be minimized. 

As demonstrated by the projection objective 2000 of Fig. 20, the basic 
design can be modified to include one or more lenses optically within the 
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mirror group such that a catadioptric imaging subsystem imaging the first 
intermediate image into the third intermediate image is obtained. For 
example, a lens or lens group L1 may be positioned geometrically 
between the first and second mirror in order to influence the correction 
5 status of second intermediate image IMI2. One or more lenses used 
twice or three times in transmission between the first and second 
intermediate image may be used. Alternatively, or in addition, a lens or 
lens group L2 may be arranged geometrically between the fourth and 
third mirror to influence the imaging from second intermediate image 
10 IMI2 to third intermediate image IMI3. 

Preferably, a positive lens group L12 may be arranged optically between 
the second and third mirrors M2, M3 close to the second intermediate 
image IMI2 in order to optimize the transition between the second and 
15 third imaging subsystems. 

If a compact size particularly on the object side is desired, a compact 
front lens group FLG designed as a Fourier lens group for creating a 
front pupil surface FPS near the exit of the front lens group may be 
20 provided, as shown schematically for the projection objective 2100 of 
Fig. 21. This type of front lens group may be combined with each of the 
variants of mirror groups shown in Figs. 1 9, 20 or 21 . 

The projection objective 2200 of Fig. 22 is designed to image the object 
25 field from the object surface OS onto the image surface IS while creating 
exactly one intermediate image IMI1 inside the mirror group MG 
consisting of four mirrors M1 to M4. In this embodiment, a first 
catadioptric imaging subsystem is formed by the refractive front lens 
group FLG having positive refractive power, a convex mirror M1 
30 providing negative refractive power, and the subsequent concave mirror 
M2 having positive refractive power. The first intermediate image IMI2 is 
imaged by the catadioptric second subsystem formed by concave mirror 
M3 having positive refractive power, convex mirror M4 providing 
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negative refractive power, and a refractive rear lens group RLG having 
positive refractive power. The inner mirrors M1, M4 of the mirror group 
MG may be formed on one common mirror substrate, e.g. a substrate 
shaped as a biconvex half-lens having convex surfaces coated with a 
5 reflection coating. 

In the embodiments of Figs. 19 to 21, the consecutive concave mirrors 
M1, M2 of the second subsystem, and M3, M4 of the third subsystem 
are positioned on opposite sides of the optical axis, thereby creating a Z- 

10 shaped beam path between subsequent intermediate images, where the 
projection beam crosses the optical axis at relatively high angles (e.g. 
between 30° and 60°). In contrast, the mirrors M1 to M4 of the mirror 
group of projection objective 2200 are arranged on one side of the 
optical axis only. This arrangement facilitates providing projection 

15 objectives which can be used with two separate optical channels on 
either side of the optical axis, as explained below in connection with 
Figs. 23 and 24. 

The double-channel projection objective 2300 in Fig. 23 combines two 
20 optically identical optical channels of the type shown in Fig. 22. The first 
optical channel includes, in that sequence, the positive front lens group 
FLG, convex mirror M1-1, concave mirror M2-1, concave mirror M3-1, 
convex mirror M4-1, and the refractive positive rear lens group RLG. The 
optical elements for the second channel are arranged mirror- 
25 symmetrically to these optical elements with respect to a mirror plane 
including the optical axis and aligned perpendicular to the meridional 
plane shown in the drawings. Therefore, the second channel includes, in 
that sequence, the positive front lens group FLG (used for both optical 
channels), a convex first mirror M1-2, a concave second mirror M2-2, a 
30 concave third mirror M3-2, a convex fourth mirror M4-2, and the positive 
refractive rear lens group RLG used in both optical channels. The inner 
mirrors M1-1, M1-2, M4-1 and M4-2 may be provided on one common 
mirror substrate shaped like a biconvex positive lens. Also, the object 
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side concave mirrors M2-1 and M2-2 may be provided on one common 
mirror substrate having a transmissive portion provided by a hole or the 
like to form the mirror group entry MGI around the optical axis OA. 
Likewise, the image-side concave mirrors M3-1 and M3-2 may also be 
formed on a common mirror substrate having a central opening forming 
the mirror group exit MGO. 

As demonstrated schematically in Fig. 24, a double-channel catadioptric 
projection objective of the basic type shown in Fig. 24 allows to image 
two identical off-axis object fields OF1 , OF2 disposed on opposite sides 
of the optical axis OA when viewed in the meridional section 
simultaneously onto two identical image fields. The effectively used 
object field may be rectangular, or annular, as shown in Fig. 24(a) or (b), 
respectively. 

Both optical channels may be used simultaneously. One optical channel 
may, for example, be used for imaging a pattern on a reticle onto a 
photosensitive substrate arranged in the image surface. The other 
optical channel may be used for measuring purposes, thereby forming a 
part of an optical measuring system for focus detection or for acquiring 
other measuring data useful for operating a microlithographic projection 
system. 

The above description of the preferred embodiments has been given by 
way of example. From the disclosure given, those skilled in the art will 
not only understand the present invention and its attendant advantages, 
but will also find apparent various changes and modifications to the 
structures and methods disclosed. It is sought, therefore, to cover all 
changes and modifications as fall within the spirit and scope of the 
invention, as defined by the appended claims, and equivalents thereof. 

The contents of all the claims is made part of this description by refe- 
rence. 
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46 
47 
48 
49 
50 



88,191089 
217,978071 

51,039320 
0,000000 
0,000000 



36,108906 SILUV 

0,871387 
40,1 96538 SILUV 
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Table 1A 

Aspheric Constants 



SURFACE 2 5 8 11 

K 0 0 0 -0,224372 

C1 -5.372092E-08 -4,1 68360E-08 2,25421 4E-07 -2.785907E-1 0 

C2 3,653441 E-1 2 1.467973E-11 1.385239E-11 4.167344E-14 

C3 -2.693024E-1 6 -4.220656E-1 6 -1 .339238E-1 5 -2,1 18652E-1 8 

C4 1.948646E-20-1.238484E-19 9.377023E-20 4.815732E-23 

C5 -8.492783E-25 5,61 8258E-24 -2,932861 E-23 -4,2901 62E-28 



13 

-1,25495 
-1.081432E-08 
-1.066392E-13 

1.086705E-17 
-5,881 454E-22 

1.272860E-26 



SURFACE 

K 

C1 

C2 

C3 

C4 

C5 
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45 
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47 

0 
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4.363822E-15 
7.459036E-19 
•6.088648E-23 
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Table 14 (k34) 

SURFACE RADIUS THICKNESS MATERIAL INDEX SEMI Dl AM. 
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47 -1207,592715 0,997468 75,4 

48 54,278105 48,71 2729 SILUV 1,560383 47,8 

49 0,000000 3,000000 WATER 1,430000 23,4 

50 0,000000 0,000000 18,8 



Table 14A 

Aspheric Constants 



SURFACE 2 5 8 10 11 

K 0 0 0 -0,262667 0 

C1 -1 ,436094E-08 -1 .146558E-07 -2.513372E-08 4.202263E-09 -1 ,544236E-07 

C2 1,736738E-12 -3,677693E-12 9,109044E-12 1,18931 5E-13 1.308220E-11 

C3 1.652186E-16 3,30081 7E-1 6 -4,41 1748E-1 6 6,423802E-18 -1 ,220101 E-1 5 



SURFACE 28 35 45 47 

K 0 0 0 0 

C1 1,560789E-07 -2.585328E-08 7,159379E-08 9.964302E-08 

C2 -2,4631 34E-11 -4.603895E-13 -1.225190E-12 -2,343372E-12 

C3 1,301 161 E-1 5 -3.126818E-17 4,705364E-17 1.692824E-16 
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Table18(k39) 

SURFACE RADIUS THICKNESS MATERIAL INDEX SEMIDIAM. 
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47 0,000000 3,000000 WATER 1,430000 23,3 

48 0,000000 0,000000 18,8 



Table 18A 
Aspheric Constants 



SURFACE 3 5 8 10 12 

K 0 0 0 0 -0,218707 

C1 -5.326670E-08 3.048880E-08 4.205559E-08 3,924322 E-07 O.O000O0E+00 

C2 5,331 856E-1 2 -1 ,401 988E-1 1 -7.663654E-1 2 -5.732989E-1 1 O.0000O0E+00 

C3 -4.494010E-16 9.117764E-16 6,020378E-16 3.684328E-15 0.000000E+00 



SURFACE 16 25 41 45 

K 0 0 0 0 

C1 -5.147358E-09 -1.191436E-07 1.653223E-08 7,6621 96E-08 

C2 -4.097558E-14 5.549394E-13 6.240040E-14 -2.469195E-12 

C3 • 1.839836E-18 1 .767377E-1 6 -3.065806E-1 9 1.239093E-16 
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Claims 

1. A catadioptric projection objective for imaging an off-axis object 
field arranged in an object surface of the projection objective onto an 
5 off-axis image field arranged in an image surface of the projection 
objective while creating at least one intermediate image comprising in 
that order along an optical axis: 

a front lens group having positive refractive power for converging 
radiation coming from the object field towards a mirror group entry of a 
10 mirror group; 

the mirror group having the object side mirror group entry, an image side 
mirror group exit, and a mirror group plane defined transversly to the 
optical axis and arranged geometrically between the mirror group entry 
and the mirror group exit; and 
15 a rear lens group with positive refractive power for focusing radiation 
emerging from the mirror group exit onto the image surface; 
the mirror group having: 

a first mirror for receiving radiation from the mirror group entry on a first 
reflecting area; 

20 a second mirror for receiving radiation reflected from the first mirror on a 
second reflecting area; 

a third mirror for receiving radiation reflected from the second mirror on a 
third reflecting area; 

and a fourth mirror for receiving radiation reflected from the third mirror 
25 on a fourth reflecting area and for reflecting the radiation to the mirror 
group exit; 

at least two of the mirrors being concave mirrors having a concave 
mirror surface having a surface of curvature rotationally symmetric to the 
optical axis; wherein: 
30 the mirrors of the mirror group are arranged such that at least one 
intermediate image is positioned inside the mirror group between mirror 
group entry and mirror group exit, and that radiation coming from the 
mirror group entry passes at least four times through the mirror group 
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plane and is reflected at least twice at a concave mirror surface of the 
mirror group prior to exiting the mirror group at the mirror group exit; 
the mirror group entry is positioned in a region where radiation exiting 
the front lens group has an entry chief ray height; 
5 the second reflecting area is positioned in a region where radiation 
impinging on the second mirror has a second chief ray height deviating 
from the entry chief ray height in a first direction; and 
the fourth reflecting area is positioned in a region where radiation 
impinging on the fourth mirror has a fourth chief ray height deviating 
10 from the entry chief ray height in a second direction opposite to the first 
direction. 

2. Projection objective according to claim 1 , wherein the mirror group 
is designed such that exactly four reflections occur within the mirror 

15 group. 

3. Projection objective according to claim 1, wherein the first, second, 
third and fourth mirror is a concave mirror. 

20 4. Projection objective according to claim 1 , wherein the mirror group 
is a purely reflective (catoptric) mirror group. 

5. Projection objective according to claim 1, wherein a length ratio LR 
between an axial mirror group length MGL and a total track length TT of 

25 the projection objective is less than 50%, where the mirror group length 
is the axial distance between a mirror vertex closest to the object surface 
and a mirror vertex closest to the image surface and the total track 
length is the axial distance between object surface and the image 
surface. 

30 

6. Projection objective according to claim 5, wherein the condition LR 
= MGL7TT < 30% is fulfilled. 
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7. Projection objective according to claim 1 , wherein the mirror group 
entry includes the optical axis and positions of the chief ray in the 
second and fourth reflecting area are positioned on opposite sides of the 
optical axis. 

5 

8. Projection objective according to claim 1, wherein the mirror group 
entry is positioned geometrically close to a front pupil surface of the 
projection objective such that a radiation beam emanating from the 
object field includes the optical axis in the region of the mirror group 

10 entry. 

9. Projection objective according to claim 8, wherein the front lens 
group is designed as a Fourier lens group for performing one single 
Fourier transformation or an odd number of consecutive Fourier 

15 transformations between the object surface and the mirror group entry. 

10. Projection objective according to claim 9, wherein the front lens 
group is purely refractive and performs a single Fourier transformation. 

20 11. Projection objective according to claim 1 , wherein the front lens 
group is axially compact having an axial length which is less than 40% of 
a total track length of the projection objective. 

12. Projection objective according to claim 1, wherein the mirror group 
25 exit is arranged geometrically close to a rear pupil surface optically con- 
jugate to the front pupil surface. 

13. Projection objective according to claim 1, wherein one of two and 
three intermediate images are formed within the mirror group. 

30 

14. Projection objective according to claim 1, wherein the mirror group 
entry is positioned geometrically close to a front pupil surface of the 
projection objective such that a radiation beam emanating from the 
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object field includes the optical axis in the region of the mirror group 
entry, wherein the mirror group exit is arranged geometrically close to a 
rear pupil surface optically conjugate to the front pupil surface, and 
wherein one of two and three intermediate images are formed within the 
5 mirror group. 

15. Projection objective according to claim 1, wherein the mirror group 
exit is arranged geometrically close to a rear pupil surface, the rear lens 
group includes a Fourier lens group for forming an intermediate image in 
10 a constriction region of the rear lens group, and a lens group down- 
stream of the intermediate image is designed as an imaging subsystem 
for imaging the intermediate image formed by the Fourier lens group 
onto the image surface on a reduced scale. 

15 16. Projection objective according to claim 1, wherein the mirror group 
exit is arranged outside the optical axis optically close to an intermediate 
image and wherein the rear lens group is designed as an imaging 
subsystem for imaging that intermediate image onto the image surface 
on a reduced scale. 

20 

17. Projection objective according to claim 16, wherein the rear lens 
group includes a constriction region defining a local minimum of beam 
diameter and at least two negative lenses are arranged in the 
constriction region. 

25 

18. Projection objective according to claim 1, wherein the mirror group 
includes at least one mirror pair consisting of two concave mirrors 
having mirror surfaces sharing a common surface of curvature provided 
on a common mirror substrate having a transmissive portion provided 

30 between the concave mirrors of the mirror pair. 
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19. Projection objective according to claim 18, wherein the mirror pair 
is arranged such that the transmissive portion of the mirror pair includes 
the optical axis. 

5 20. Projection objective according to claim 18, wherein the 
transmissive portion is formed by a hole in a mirror substrate. 

21. Projection objective according to claim 1, wherein all reflecting 
areas on the mirrors of the mirror group are positioned outside the 

10 optical axis. 

22. Projection objective according to claim 1, wherein all reflecting 
areas on the mirrors of the mirror group are positioned optically remote 
from a pupil surface. 

15 

23. Projection objective according to claim 1, wherein an aperture stop 
is positioned upstream of a last intermediate image closest to the image 
surface. 

20 24. Projection objective according to claim 1 , wherein the catadioptric 
projection objective has an image side numerical aperture NA > 0,8. 

25. Projection objective according to claim 1, wherein the 
catadioptric projection objective is designed as an immersion objective 
25 adapted with reference to aberrations such that an image side working 
distance between a last optical element and the image plane is filled up 
with an immersion medium with a refractive index substantially greater 
than 1 . 

30 26. Projection objective according to claim 1, wherein the 
catadioptric projection objective has an image side numerical aperture 
NA > 1,1 when used in connection with an immersion medium. 
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27. Projection objective according to claim 1, wherein the 
catadioptric projection objective is configured for use with ultraviolet light 
falling within a wavelength range extending from about 120 nm to about 
260 nm. 

5 

28. A projection-exposure system for use in microlithography having 
an illumination system and a catadioptric projection objective, wherein 
the projection objective includes a catadioptric projection objective 
according to claim 1 . 

10 

29. A method for fabricating semiconductor devices or other types of 
microdevices, comprising: 

providing a mask having a prescribed pattern; 

illuminating the mask with ultraviolet light having a prescribed 
15 wavelength; and 

projecting an image of the pattern onto a photosensitive substrate 
arranged in the vicinity of the image plane of a projection objective using 
a catadioptric projection objective according to of claim 1 . 

20 30. A catadioptric projection objective for imaging an off-axis object 
field arranged in an object surface of the projection objective onto an 
off-axis image field arranged in an image surface of the projection 
objective while creating at least one intermediate image comprising in 
that order along an optical axis: 

25 a first imaging subsystem for imaging the object field provided in the 
object surface into a first intermediate image; 

a second imaging subsystem for imaging the first intermediate image 
into a second intermediate image; 

a third imaging subsystem for imaging the second intermediate image 
30 into a third intermediate image; 

a fourth imaging subsystem for imaging the third intermediate image 
onto the image plane; 
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wherein the second subsystem includes a mirror group having a first 
concave mirror having a first continuous mirror surface and a second 
concave mirror having a second continuous mirror surface facing the 
first mirror surface; 

5 and all concave mirrors are arranged optically remote from a pupil sur- 
face. 

31. Projection objective according to claim 30, wherein the second 
subsystem is a catoptric mirror group consisting of the first concave 

10 mirror having a first continuous mirror surface facing the object surface 
and the second concave mirror having a second continuous mirror 
surface facing the first mirror surface. 

32. A catadioptric projection objective for imaging an off-axis object 
15 field arranged in an object surface of the projection objective onto an 

off-axis image field arranged in an image surface of the projection 
objective while creating at least one intermediate image comprising in 
that order along an optical axis: 

a first imaging subsystem for imaging the object field provided in the 
20 object surface into a first intermediate image; 

a second imaging subsystem for imaging the first intermediate image 
into a second intermediate image; 

a third imaging subsystem for imaging the second intermediate image 
into a third intermediate image; 
25 a fourth imaging subsystem for imaging the third intermediate image 
onto the image plane; 

wherein the second subsystem includes a first mirror having a first 
continuous mirror surface and a second mirror having a second conti- 
nuous mirror surface facing the first mirror surface; 
30 the third subsystem includes a third mirror having a third continuous 
mirror surface and a fourth concave mirror having a fourth continuous 
mirror surface facing the third mirror surface; 
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at least two of the mirrors being concave mirrors having a concave 
mirror surface having a surface of curvature defining a mirror axis on the 
optical axis. 

5 33, Projection objective according to claim 32, wherein all concave 
mirrors are arranged optically remote from a pupil surface. 

34. Projection objective according to claim 32, wherein the first, 
second, third and fourth mirror is a concave mirror. 

10 

35. Projection objective according to claim 32, wherein a mirror group 
formed by the first, second, third and fourth mirror is a purely reflective 
(catoptric) mirror group. 

15 36. A catadioptric projection objective for imaging an off-axis object 
field arranged in an object surface of the projection objective onto an 
off-axis image field arranged in an image surface of the projection 
objective while creating one intermediate image comprising in that order 
along an optical axis: 

20 a first catadioptric imaging subsystem for imaging the object field 
provided in the object surface into the intermediate image; 
a second catadioptric imaging subsystem for imaging the intermediate 
image onto the image surface; 

wherein the first catadioptric imaging subsystem includes in that order a 
25 refractive front lens group having positive refractive power, a convex 
mirror, and subsequent concave mirror, and the catadioptric second 
subsystem includes in that order a concave mirror, a convex mirror, and 
a refractive rear lens group having positive refractive power. 

30 37. Projection objective according to claim 36, wherein the convex 
mirror and the subsequent concave mirror of the first catadioptric 
imaging subsystem are arranged between a front pupil surface and the 
intermediate image and the convex mirror and the subsequent concave 
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mirror of the second catadioptric imaging subsystem are arranged 
between the intermediate image and a rear pupil surface. 

38. A catadioptric projection objective for imaging an off-axis object 
5 field arranged in an object surface of the projection objective onto an 
off-axis image field arranged in an image surface of the projection 
objective while creating at least one intermediate image comprising: 
an optical axis; 

a first set of optical elements including at least one concave mirror for 
1 0 forming a first optical channel on a first side of the optical axis; and 

a second set of optical elements including at least one concave mirror 
for forming a second optical channel on a second side of the optical axis 
opposite to the first side. 

15 39. Catadioptric projection objective according to claim 38, wherein 
the optical elements of the first set and the optical elements of the 
second set are arranged mirror-symmetrically to a symmetry plane 
perpendicular to a meridional plane of the projection objective and 
including the optical axis. 

20 
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